Background/Aims: Both endothelin-1 (ET-1) and the renin-angiotensin system (RAS) may play important roles in renal fibrosis in the obstructed kidney. However, there have been few clear demonstrations of a relationship between their activation and additive or synergistic roles in renal fibrosis. We investigated the protective roles and relationship between renal RAS and ET-1 in unilateral ureteral obstruction (UUO) mice. Methods: 8-week-old male C57BL/6 mice were divided into seven groups: sham, bosentan+sham, valsartan+sham, vehicle+UUO, bosentan+UUO, valsartan+UUO, and valsartan+bosentan+UUO. Valsartan and bosentan were administered orally using an NG tube (valsartan 10 mg/kg/day, bosentan 100 mg/kg/day for 8 days, after which the molecular and structural kidney parameters were evaluated. Bosentan treatment elevated plasma renin activity, renal renin, and AT1R expression in UUO mice. Results: Although valsartan decreased plasma ET-1 in these mice, it did not affect ET(A) or ET(B) in their kidneys. Co-treatment with valsartan and bosentan decreased ET-1 in these mice compared to the single treatments. Bosentan, but not valsartan, elevated eNOS expression in their kidneys. Co-treatment with valsartan and bosentan reduced TGF-β, α-SMA, and collagen IV expression, and the Masson's trichrome stained area in their kidneys. Conclusions: Bosentan and valsartan acted complementarily, and co-treatment with both drugs had an additive protective effect against renal fibrosis.
Introduction
Renal inflammation and fibrosis are major pathomechanisms of chronic kidney disease, which requires renal replacement therapy, including dialysis and kidney transplantation [1] . Unilateral ureteral obstruction (UUO) is a well-known model for renal inflammation and fibrosis [2] . In the UUO kidney, pressure-induced tubular cell injury, activation of RAS, and various inflammation-and fibrosis-inducing proteins such as MCP-1 and TGF-β induce the infiltration of macrophages and fibroblasts, leading to renal inflammation and fibrosis [3] .
The renin-angiotensin system (RAS) plays a key role in the development and progression of renal inflammation and fibrosis in UUO models [4] [5] [6] . RAS inhibition using an angiotensinconverting enzyme (ACE) inhibitor and an angiotensin II receptor blocker (ARB) has been shown to reduce renal inflammation and fibrosis in various animal models of chronic renal injury [7, 8] . In addition, human studies have shown that inhibition of RAS by an ACE inhibitor and ARB reduces albuminuria (including inflammation and fibrosis), a marker of chronic renal injury, in patients with diabetic nephropathy or hypertension [9, 10] .
Endothelin-1 (ET-1) is a potent vasoconstrictor, which binds two types of receptors, ET(A) and ET(B), and plays an important role in various renal injuries, including renal tubular necrosis, interstitial inflammation, and renal fibrosis. Inhibition of ET-1 by bosentan, an ET(A) and ET(B) receptor antagonist, has favorable protective effects in acute and chronic renal injuries induced by glycerol-induced myoglobinuria, radiocontrast, the remnant kidney model, and the ischemia-reperfusion injury model [11] [12] [13] [14] [15] .
Inhibition of ET-1 and RAS may have additive effects against kidney injury. For example, AT1-deficient mice show elevated ET-1 expression in tubular cells, suggesting that both inhibition of AT1 and ET-1 may have additive roles in various kidney injuries [16] . Yang et al. reported that bosentan activates the renin-angiotensin system in the blood and kidney tissue of mice, indicating that inhibition of both ET1 and RAS may have additive effects in the control of hypertension [17] . Gomez et al. reported that bosentan reduced renal inflammatory markers in angiotensin II-treated rats, suggesting that inhibition of both RAS and ET-1 may have additional effects in a renal inflammatory injury model [18] . Although some reports have shown renoprotective effects in an acute ischemia-reperfusion injury mouse model and an aristolochic acid-induced nephropathy model, other reports have suggested no additive effect [19] [20] [21] [22] .
Here, we evaluated the relationship between RAS and ET-1, and the associated mechanism for reducing renal fibrosis. We also investigated whether inhibition of both RAS and ET-1 showed additional improvement in inflammation or fibrosis in a mouse model of UUO.
Materials and Methods

Animals and drugs
All of the experiments were performed using 8-week-old male C57BL/6 mice, weighing 22-25 g (Samtako, Kyoung Gi-Do, Korea). The mice were given a standard laboratory diet (Damul Science, Daejeon, Korea) and water, and were cared for according to a protocol approved by the Institutional Animal Care and Use Committee of the Catholic University (CMCDJ-AP-2014-001).
The mice were divided into seven groups: sham, bosentan+sham, valsartan+sham, UUO-vehicle, UUO-bosentan, UUO-valsartan, and UUO-combination therapy. Valsartan (10 mg/kg) and bosentan (100 mg/kg) were purchased commercially and given by oral gavage. Both valsartan and bosentan were treated once daily from 1 day preoperatively to 7 days postoperatively. As described previously [23] , for the UUO operation, the mice were anesthetized with intraperitoneal ketamine (2 mg/kg, Ketalar; Bayer, Leverkusen, Germany) and xylazine (200 µL/kg, Rompun; Bayer). First, a 1.5-2 cm midline abdominal incision was made using a sterile technique. The intestines were pushed gently medially. The left ureter was identified at the lower renal pole. An obstruction was created with double 5-0 silk sutures. The sham operation for control kidneys consisted of a similar midabdominal incision and visualization of the left ureter without further manipulation. The animals were sacrificed 7 days after the operation.
Blood and tissue preparation
Blood was collected from the inferior vena cava at sacrifice under anesthesia, and placed into prechilled microcentrifuge tubes (4°C), after which 10 mM disodium EDTA was added to prevent coagulation. The plasma was separated by centrifugation (10 min, 4°C), and aliquots were snap-frozen in liquid nitrogen and stored at -70°C. Tissues were prepared as previously described [24] . Briefly, the left kidney was excised immediately after sacrifice and cut into three coronal sections. Two pieces of the kidney were snap-frozen in liquid nitrogen and kept at -70°C for subsequent RNA extraction and protein analysis. The other portion of kidney was fixed in 10% buffered formaldehyde at room temperature and embedded in Paraplast (Sherwood Medical, St. Louis, MO, USA) for light microscopy and immunohistochemistry.
Plasma renin activity and ET-1 measurements As described previously [23] , plasma renin activity was measured by radioimmunoassay using a commercially available kit, according to the manufacturer's protocol. Each plasma sample was divided into two parts: one incubated at 37°C for 2 h and one incubated at 4°C for 2 h. Standards contained angiotensin I at concentrations of 0.0, 0.2, 0.8, 2, 8, and 20 ng/mL. After adding 100 μL tracer-buffer reagent to each 37°C and 4°C plasma sample, as well as the standard, the tubes were incubated at room temperature for 3 h and decanted. Radioactivity was measured for 1 min in a counter. Renin activity was calculated from the standard graph, and the values of the 4°C samples were subtracted from those of the 37°C samples. Renin activity is expressed in ng/mL per hour. Plasma ET-1 levels were measured using an ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol with certain reagents (nos. WA126, DY994, DY995, and DY999, R&D Systems). Values are shown as ng renin per mL plasma.
Real-time reverse transcription PCR
Total RNA was prepared from kidney tissues using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from 1 μg RNA using Reverse Transcriptase Premix (Elpis Biotech, Daejeon, Korea). After reverse transcription, the cDNA was used as a template in PCR reactions using gene-specific primer pairs. cDNA was amplified in a Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK). Quantitative real-time PCR was performed with an ABI 7500 FAST (Applied Biosystems, Foster City, CA, USA). The relative levels of mRNA were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of the primer sets were as follows: renin, 5′-TGG GTG CCC TCC ACC AAG TG-3′ (sense) and 5′-CTC CCA GGG CTT GCA TGA TCA-3′ (antisense); AT1R, 5′-AAC AGC TTG GTG GTG ATC GTC-3′ (sense) and 5′-CAT AGC GGT ATA GAC AGC CCA-3′ (antisense); ET(A)R, 5′-GGT GGC TCT TTG GGT TCT-3′ (sense) and 5′-GAC GCT GTT TGA GGT GCT-3′ (antisense); ET(B)R, 5′-TGC GAA ATG CTC AGG AAG-3′ (sense) and 5′-ACG AGG ACC AGG CAG AAG-3′ (antisense); and ET-1, 5′-CCT GGA CAT CAT CTG GGT C-3′ (sense) and 5′-TGT GGC CTT ATT GGG AAG-3′ (antisense).
Western blot analysis
The expression of TGF-β, α-SMA, collagen IV, iNOS, and eNOS proteins in kidney tissue was analyzed by Western blotting as described previously [25] , Briefly, equal amounts of protein samples were resolved by SDS-PAGE. The proteins were electroblotted onto a nitrocellulose membrane (Amersham, Piscataway, NJ, USA). Then the membranes were incubated overnight at 4°C with antibodies against TGF-β (Abcam, Cambridge, UK), α-SMA (Abcam), collagen IV (Abcam), iNOS (Santa Cruz, CA, USA), or eNOS (Santa Cruz), followed by incubation with a secondary antibody.
Light microscopy
Pieces of kidney embedded in paraffin wax were cut into 4 μm sections and mounted on glass slides. The sections were deparaffinized with xylene, stained with hematoxylin and eosin (H&E) and Masson's trichrome, and examined under an Olympus BX51 microscope (Tokyo, Japan). The tubulointerstitial injury score was evaluated based on morphological changes in the tubules, such as dilation, distortion of tubular basement membranes, and atrophy, as follows: grade 0, no morphological deformities; grade 1, < 10%; grade 2, < 25%; grade 3, < 50%; grade 4, < 75%; and grade 5, ≥ 75% involved. Ten consecutive fields were examined under 400× magnification and averaged per slide. Two pathologists examined and scored the kidney sections in a blinded fashion. Renal fibrotic areas were quantified by morphometric analysis using a light microscope and a digital camera-based image analyzer (Metamorpho, ver. 4.6; Olympus, Tokyo, Japan). Blue-stained (fibrotic) areas were quantified by computer-based morphometric analysis.
Immunohistochemistry Immunohistochemistry was performed as described previously [24] . Paraffin wax-embedded tissues were cut into 4 µm sections, mounted on glass slides, and stained using indirect immunoperoxidase. The slides were processed for identification of myofibroblast differentiation (anti-α-SMA antibody; Abcam) and TGF-β expression (anti-TGF-β antibody; Abcam), followed by detection using diaminobenzidine (Sigma Chemical Co., St. Louis, MO, USA). All of the samples were evaluated under an Olympus BX51 microscope. The areas stained for α-SMA and TGF-β, as percentages of the total area in 10 different fields of each section under 200× magnification, were determined automatically using a digital camera-based image analyzer (Metamorpho, ver. 4.6).
Statistical analysis
Data are reported as means ± SD. Multiple comparisons among groups were performed using one-way ANOVA with a post hoc Bonferroni test correction (SPSS, ver. 11.0 for Windows; SPSS, Inc., Chicago, IL, USA). A difference between groups was considered significant at P < 0.05.
Results
Effects of ET1 inhibition on RAS activation in sham and UUO kidneys
Treatment with bosentan increased the mRNA expression of renin in sham and UUO kidneys, and elevated the mRNA levels of AT1R in sham kidneys. However, there were no significant differences in mRNA expression of AT1R in UUO kidneys (Fig. 1) . Valsartan treatment did not affect renal ET(A)R or ET(B)R mRNA expression in UUO kidneys. Bosentan and valsartan significantly reduced the mRNA expression of ET-1 compared to vehicletreated UUO mice. Co-treatment of bosentan and valsartan significantly reduced the plasma levels of ET-1 compared to bosentan-treated or valsartan-treated UUO mice. Plasma renin activity (PRA) was higher in UUO mice than in sham mice, and plasma renin activity (PRA) was higher in valsartan-treated and bosentan-treated UUO mice compared to vehicle-treated UUO mice (Fig. 1) .
Effects of bosentan on iNOS and eNOS
UUO decreased the expression of eNOS and iNOS in vehicle-treated mice. Bosentan treatment increased eNOS expression in UUO kidneys. In addition, co-treatment with bosentan and valsartan increased eNOS expression in UUO kidneys. Although valsartan treatment increase iNOS expression in UUO kidney, there were no statistical differences. Also bosentan did not affect the iNOS expression in UUO kidney (Fig. 2) .
Effects of co-treatment with valsartan and bosentan on renal injury
UUO kidneys showed tubular dilation and necrosis and tubule interstitial inflammation. Bosentan and valsartan treatment significantly reduced renal injury compared to the vehicle-treated UUO kidney. Co-treatment with bosentan and valsartan showed decreased renal damage compared to bosentan-treated or valsartan-treated UUO kidneys (Fig. 3) .
Effects of co-treatment with bosentan and valsartan on renal fibrosis
Masson's trichrome staining showed that UUO aggravated renal interstitial fibrosis, which was attenuated by bosentan and valsartan treatment, preserving tubular morphology. Compared to single treatments, co-treatment with bosentan and valsartan showed a decreased area of blue stain in the UUO kidney (Fig 3) . The renal expression of TGF-β, α-SMA, and collagen IV significantly increased in UUO mice. Bosentan and valsartan treatment decreased the renal expression of TGF-β, α-SMA, and collagen IV in UUO kidneys. Co-treatment with bosentan and valsartan further decreased the renal expression of TGF-β, α-SMA, and collagen IV, compared to UUO kidney groups treated with bosentan or valsartan alone (Fig. 4) . The areas stained with TGF-β and α-SMA showed similar patterns to the results of the immunoblotting (Fig. 3) . . Bosentan and valsartan significantly reduced renal ET-1 mRNA expression and plasma levels of ET-1 compared to vehicle-treated UUO mice. Co-treatment with bosentan and valsartan significantly reduced renal ET-1 mRNA expression and plasma levels of ET-1 compared to single-treated UUO mice (E and F). Plasma renin activity (PRA) was higher in UUO mice than in sham mice. Plasma renin activity (PRA) was higher in valsartan-and bosentan-treated UUO mice compared to vehicle-treated UUO mice (G). * P < 0.05, vs. sham, # P < 0.05, vs. UUO, † P < 0.05, vs. single treatment in UUO.
Discussion
Our study demonstrates that co-treatment with bosentan and valsartan has additive protective effects in UUO-induced renal fibrosis. Although there have been reports that inhibition of both ET-1 and RAS has favorable effects on renal hemodynamics, and antiproteinuric and anti-inflammatory effects in various kidney injuries, there is little evidence clearly demonstrating any relationship between ET-1 and RAS in these effects against renal fibrosis [18, 19] . In addition, some studies have reported that inhibition of ET-1 did not decrease renal fibrosis in streptozotocin-induced transgenic rats and subtotally nephrectomized rats [21, 22] . There are also confusing results on the relationship between RAS and ET-1 in various kidney injury models. AT-1-deficient mice show upregulation of ET-1 in tubular epithelial cells [16] . Lariviere et al. reported that RAS inhibition by an angiotensin II receptor blocker, but not an ACE inhibitor, reduced ET-1 production in a rat remnant kidney model [13] . The authors suggested that AT-1-specific inhibition may help reduce ET-1 generation. Lehrke et al. reported that ACE inhibitors decreased ET(B) receptor expression in the kidneys of patients with chronic kidney disease [26] . However, Moridaira et al. reported that enalapril treatment reduced ET-1 expression and increased ET(B) receptor expression in UUO kidneys [27] . Bosentan treatment increases the levels of plasma renin activity and renin expression in the mouse kidney [17] . In addition, CYP1A1-Ren-2 transgenic rats, an angiotensin II overproduction-induced hypertension model, show no response to ET-1 inhibition [28] .
In this study, bosentan treatment increased plasma renin activity, and renal renin and AT1 receptor mRNA expression in UUO mice. Valsartan treatment decreased plasma ET-1 and ET-1 renal mRNA expression in these mice, but did not affect renal ET(A) or ET(B) receptor expression. In addition, co-treatment with valsartan and bosentan further decreased renal and plasma ET-1 mRNA expression compared to the single treatments. These results suggest that RAS activation by bosentan and RAS inhibition by valsartan have a counterbalanced effect in lowering ET-1.
It has been suggested that NO may play a major role in acute and chronic kidney injury [25, 29, 30] . Spontaneous NO donors show reno-protective effects in post-ischemic AKI, cisplatin nephrotoxicity, and UUO kidneys [31] [32] [33] . In particular, NO donors suppress TGF-β expression and renal fibrosis in UUO kidneys [33] . Strong NO blockade by L-NAME diminishes the reno-protective effect of co-inhibiting ET-1 and RAS. However, mild NO inhibition enhances the reno-protective effect of co-inhibiting ET-1 and RAS [19] . In endothelial cells, ET-1 suppresses eNOS expression, resulting in decreased NO generation. In addition, bosentan treatment elevates eNOS expression [34] . ET-1 and L-NAME can induce TGF-β expression in the kidney [35] . There are conflicting data on the effects of RAS inhibition on NOS expression in kidney injury. In a study that used a nephrectomy kidney model, an ACE inhibitor elevated iNOS expression [36] . However, in another study, losartan decreased iNOS expression in UUO kidneys [37] .
Conclusion
In our study, bosentan elevated renal eNOS expression in UUO kidneys, and valsartan minimally elevated its expression. Elevated renal eNOS expression by bosentan may improve renal fibrosis in UUO kidneys by reducing TGF-β expression, because TGF-β expression is a key factor involved in the progression of interstitial fibrosis in UUO-induced renal injuries.
Angiotensin II acts in an autocrine and/or a paracrine manner to stimulate TGF-β expression in the kidney. In addition, we found that inhibition of RAS reduced TGF-β expression in the UUO kidney. Both the increase in eNOS due to bosentan and inhibition of angiotensin II action by valsartan may additively reduce TGF-β expression, resulting in decreased renal fibrosis. In addition, co-treatment with bosentan and valsartan reduced α-SMA and collagen IV expression in the UUO kidney compared to single treatments. These data show that bosentan and valsartan act complementarily, as co-treatment with both drugs had an additive protective effect against renal fibrosis.
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